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1 Introduction 
 
The quality of drinking water is a continuing issue around the world especially for those 
who do not benefit from having water treatment facilities or adequate water distribution 
networks. Arsenic-contaminated water is of special interest because of its cancer caus-
ing properties. While the World Health Organization has set limitations for arsenic in 
drinking water, arsenic-contaminated water remains an unaddressed threat in some 
regions. This is partly due to unavailable or expensive technologies for arsenic removal 
and costly analytical methods requiring trained professionals. This research focuses 
mainly on the use of reverse osmosis (RO) for As(III) and As(V) removal in drinking 
water.  
 
Although RO use for arsenic removal has been studied extensively, this project was 
particularly interested in using the RO unit provided by Malthe Winje DWS in order to 
find the unit’s optimal operating point and to determine whether Double Filtration by 
reverse osmosis is effective in removing larger concentrations of As(III). Close attention 
was also put on arsenic speciation -- in particular the use of an ion exchange resin -- 
since experiments conducted required arsenic speciation due to the fact that the water 
samples analyzed contained As(III) and As(V). 
2 Drinking Water Quality 
 
Drinking water typically comes from sources such as groundwater and surface water. 
Water coming from streams, lakes, rivers, and oceans are known as surface waters. 
Groundwater is water beneath the earth's surface, meaning that unlike surface water, 
groundwater is not in contact with the atmosphere. Because groundwater is continu-
ously in contact with soil, it contains higher levels of dissolved minerals and other ele-
ments present in rocks. The source from which drinking water comes from determines 
what contaminants are present in it. For example, drinking water coming from a river 
may be contaminated with nitrates and phosphates that come from fertilizers used in 
surrounding farmlands. Consequently, the degree of water treatment largely depends 
on the source. Below is a brief overview of water quality parameters and corresponding 
treatment methods. 
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Clean household water should be clear and odorless. Therefore, any color or odor can 
easily indicate poor water quality. Color can vary from light yellow to dark brown; how-
ever, water can really be any color depending on the type of dissolved elements pre-
sent. This is especially true of industrial or wastewater. Simplest methods of remedia-
tion include aeration for odor and filtration for color.  
 
Color can also indicate the degree of turbidity in water (measured in Formazin Turbidity 
Units (FTU)) [1,116]. Usually clear water should have <1 FTU. Turbidity is dependent 
of the total insoluble contaminants in the water like algae, decaying organic material, 
clay, and silt. In water that is constantly moving, these insoluble elements will be seen 
as suspended particles in water. Only using filtration to improve the degree of turbidity 
is not enough to remove all of the suspended solids because such particles vary in 
size. An effective way to remove these is through flocculation and coagulation. With the 
aid of coagulant agents, particles are easily able to come together to form larger mass-
es that be easily removed after sedimentation.  
 
The concentration of dissolved gases is also a good indicator for determining water 
quality. Gases dissolved in water include oxygen, carbon dioxide, and ammonia. For 
drinking water, dissolved oxygen (DO) is a clear indicator of water quality since it af-
fects taste. Low levels of DO are usually an indicator of poor water quality. The amount 
of DO in water comes from its diffusion from the atmosphere. Usually diffusion rate is 
very slow; therefore, aerators can be used for increased DO in water. 
 
Acidity (pH) levels in the water indicate the type of contaminants present. Contami-
nants increasing acidity levels include carbon dioxide, sulfuric acid, and nitric acid, 
which can come in the form of acid rain caused by atmospheric pollution. Usually, pH 
adjustments are done chemically in order to meet standard pH levels for drinking water 
(these range from 6.5 – 8.5) [1, 83]. 
 
Another indicator of water quality is the conductivity. It reflects the concentration of ions 
present in water. Not all water sources have the same conductivity levels. For example, 
oceans have greater conductivity due to high salt concentration. Similarly, groundwater 
levels may differ from lake levels because groundwater is in contact with sediment and 
rocks that have charged elements. Conductivity in drinking water is typically measured 
in microSiemens per centimeter (µS/cm) [1, 49]. Adjusting the level of conductivity in-
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volves technology that removes or adds ions to the water. For example, reverse osmo-
sis technology is a method that is used to remove salts and other ions from water.  
 
Another common quality parameter is hardness. In short, hardness is an indicator of 
the presence of specific ions (calcium and magnesium). For this reason, hardness in 
drinking water is usually measured in mg/L CaCO3 [1, 58]. Levels of hardness depend 
on the water source. Generally, water is considered soft when the concentrations are 
less than 50 mg/L CaCO3 and hard when concentrations are above 250 mg/L CaCO3 
[1, 58]. For other applications, it is ideal to maintain relevant hardness levels for the 
reason that high levels also cause incrustation within water distribution pipes. Water 
softening refers to reducing CaCO3 concentration in water. Hardness can be adjusted 
by using technologies such as ion exchange or reverse osmosis. 
 
Additional contaminants affecting water quality include the presence of heavy metals 
and inorganic elements like chloride, lead, fluoride, and arsenic. It is important to stress 
that the composition of water can be very dynamic; thus, remediation methods vary 
from one region to another. 
 
3 Arsenic in Drinking Water 
 
Arsenic (As) is a metalloid element occurring naturally in minerals, rocks, and soil. Its 
natural presence in the soil facilitates its movement through water sources such as 
groundwater. The concentration of arsenic varies per region and is influenced by an-
thropogenic activities such as mining. Despite its poisonous features, arsenic has de-
sirable properties that make it a candidate for several industrial applications. Arsenic 
compounds can be found in semiconductors, wood preservatives, pesticides, and live-
stock feed. It’s important to note that its acceptable use varies across countries. For 
example, the EU has clear limitations on the use and marketing of arsenic containing 
products and has banned the use of arsenic compounds in wood preservatives [2].  
 
Overall, human exposure to arsenic compounds comes from contaminated water, food, 
and air polluted by industrial activities [3]. This is of special interest because in liquid 
form arsenic is odourless and transparent, making it impossible to detect by sight only. 
Arsenic is highly poisonous to humans with symptoms including abdominal pain, vomit-
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ing, and muscular pain. In the worst case, arsenic poisoning leads to cancer and pe-
ripheral vascular disease [3].  
 
Because some arsenic compounds have been identified as potent carcinogenics, many 
countries have set their own standards on the permissible levels of arsenic in drinking 
water. International standards of arsenic in drinking water are displayed in Table 1. The 
World Health Organization (WHO) has been known to establish standards for arsenic 
in drinking water since 1958. One of the earlier standards established in 1963 allowed 
a concentration of only 50 g/L As [4, 202]. Today, the permissible WHO standard is 10 
g/L and is accepted by most European countries and the United States.  
 
Table 1. World Guidelines for Arsenic in Drinking Water [4, 206] 
Guideline Countries 
< 10 g/L Australia (7 g/L) 
10 g/L European Union (1998) 
Japan (1993) 
Jordan (1991) 
Laos (1999) 
Laos, Mongolia (1998) 
Namibia, Syria (1994) 
United States (2001) 
Canada (2006) 
25 g/L Mexico (2005) [5] 
50 g/L Most of all remaining countries follow this 
standard or are reviewing it. 
 
Having a uniform limit throughout the world is quite difficult since areas where arsenic 
concentrations are high are areas that do not have the means for advanced water 
treatment or access to analytical technologies. Figure 1 shows a map compiled by 
WHO with regions affected by high arsenic concentrations and arsenic poisoning. 
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Figure 1. Arsenic in Drinking-Water Worldwide [6]  
4 Chemical Properties of Arsenic 
 
In the environment, arsenic has several oxidation states (-3, 0, 3 and 5) and exists in 
both organic and inorganic forms. However, for the purposes of this study, only trivalent 
arsenite (As(III)) and pentavalent arsenate (As(V)) were examined because these are 
the forms of arsenic most prevalent in sources of drinking water. It is well known that 
As(V) is more abundant in surface water than in groundwater [7]. As seen in Figure 2, 
As(V) and As(III) can exist in several forms depending on pH levels. For example, in 
surface waters with pH from 5 – 8, arsenate exists as an anion (H2AsO4
- or HAsO4
-2) 
[7]. Naturally, As(III) is more abundant in groundwater in the neutral form, H3AsO3 [7]. 
 
Besides its natural occurrence in the environment, arsenic has become a cause of 
concern due to its ability to convert into different species of arsenic over different pH 
levels in oxidizing and reducing conditions. Figure 2 illustrates the type of arsenic spe-
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cies present at different pH levels and its corresponding redox potential. It can be ob-
served that at normal pH levels of drinking water, H2AsO4
-, HAsO4
-2 and H3AsO3 are 
dominant species. For removal purposes this is significant because the species’ charge 
determines the type of removal method that can be used. However, arsenic removal 
can be a challenge because, as Figure 2 illustrates, under the correct conditions, oxi-
dation or reduction can convert the species and render the selected treatment ineffec-
tive.  
 
 
Figure 2. Eh-pH Aqueous Arsenic at 25 C and 1 bar total pressure [8,4]. 
5 Available Technologies for Arsenic Removal 
 
There are several technologies available for arsenic removal. However, their use is 
often limited due to economic and operational reasons. These limitations are clear rea-
sons as to why not all countries meet the WHO standard of 10 g/L. It is important to 
note that even while using the best technology available, total arsenic removal can be a 
challenge and traces of arsenic below the standard may still be present in drinking wa-
ter. In addition, even if the arsenic is removed from drinking water, the arsenic-
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concentrated effluent still requires appropriate treatment and disposal. This can often 
prove to be both time-consuming and expensive. 
The following paragraphs briefly discuss the main technologies available for arsenic 
removal – including the use of reverse osmosis and ion exchange resins -- followed by 
their advantages and disadvantages. 
 
5.1 Oxidation 
 
The most inexpensive As removal treatment is atmospheric oxidation which can be 
done by static aeration or with the aid of sprinklers. While it is the most economic 
treatment, it is also the most time consuming and in some cases too slow to meet the 
demands of clean water. Aeration can remove some unwanted contaminants such as 
odor, radon, and As(III). Removal of As(III) through aeration does not mean the remov-
al of total arsenic but conversion of As(III) to As(V) which happens to be more effective-
ly removed by other technologies. In short, oxidation/aeration treatment is a cost-
effective preliminary step to arsenic removal. 
 
Chemical oxidation is a faster and a more efficient alternative to atmospheric oxidation. 
However, such method requires the use of oxidizing chemicals, sludge treatment, and 
constant pH monitoring. Chemical oxidation can be an advantageous preliminary 
method because it is through proper oxidation that As(III) is converted into As(V) [9, 
253]. Such conversion is preferred because the removal of As(III) is more difficult than 
As(V) – as will be proven in this research.  
 
5.2 Coagulation 
 
Coagulation and flocculation are also alternative methods for arsenic removal. Like 
other removal technologies, coagulation methods are not as efficient at removing 
As(III) than they are for As(V) [10]. Coagulation chemicals include: alum, lime, and iron. 
As with chemical oxidation, the use of coagulation also requires adjusting the pH to 
reach optimal removal efficiency. This will depend on the coagulant agent being used 
and the concentration of arsenic initially present in the water [10]. Disadvantages of this 
method include having access to appropriate coagulants, being able to dispose of the 
concentrated sludge in a safe manner, and possibly re-adjusting pH to normal levels 
(this step requires additional chemicals). 
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5.3 Adsorption and Ion Exchange Technology 
 
In the water treatment process, adsorption removal technologies use materials such as 
ion exchange resins, iron-coated sand, activated carbon, and activated alumina to re-
move impurities from water. While such technology is effective, it can be very expen-
sive, thus making it inaccessible to developing countries with arsenic problems. After 
constant use, adsorption mediums also become saturated and need regular mainte-
nance and regeneration that can only be achieved by the use of their corresponding 
regeneration chemicals and appropriate effluent disposal. Not all adsorption mediums 
can be regenerated and even if they can, it is possible that they lose some of its treat-
ment abilities. For example, a single regeneration of activated alumina often decreases 
its effectiveness by 30 – 40% [9]. Because this research utilized an ion exchange tech-
nology for analytical purposes, the fundamentals of such technology will be discussed 
here in more detail. 
 
Ion exchange technology uses a material such as a charged synthetic resin to inter-
change ions between itself and liquid passing through it. In this way, charged impurities 
in water are retained and replaced by the ions adsorbed to the resin. Ion exchange 
resins are usually manufactured for the removal of specific ions/contaminants. In the 
case of arsenic removal, it is important to note that ion exchange resins are only effec-
tive in removing As(V). The type of resin required for As(V) removal is a strong base 
anion exchange resin which is loaded with chloride ions. The ion exchange process 
can be written as follows: 
 
2RCl- + HAsO4
- = R2HAsO4
- + 2 Cl-   (1) 
 
As shown by this reaction, the anion resin (R) is loaded with chloride ions that are in-
terchanged with similar charged ions like HAsO4
- (As(V)). The resulting product is a 
resin loaded with HAsO4
- and product water containing extra chloride. 
 
After extensive use, the resin becomes saturated and ineffective in removing additional 
As(V). Depending on the type of resin, regeneration or replacement is required. For a 
strong anion exchange resin loaded with Cl-, regeneration can be carried out using the 
same ion exchange principle with the aid of NaCl-. The process can be written as fol-
lows: 
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R2HAsO4
-
   + 2Na+ + 2Cl- = 2RCl- + HAsO4
-
  + 2Na+  (2)
  
 
Thus, through this reaction, the resin is brought back to its original state and can be 
reused.  
 
One of the disadvantages of this method and all other adsorbents is that they can be 
expensive and require maintenance. Resin effectiveness is also dependent on the type 
of resin, contaminant, and other ions present in the water. For example, when treating 
As in drinking-water, contaminants found in surface water such as sulphate and nitro-
gen are just as likely to adsorb to the resin as As(V) [11]. Thus, a high concentration of 
similar contaminants will affect the removal rate of the target contaminant.  
 
It is also possible to use ion exchange resins for analytical purposes. For this research, 
speciation analysis was done by passing As(III) and As(V) contaminated water through 
the resin. Further details about speciation analysis using ion exchange resins are found 
in section 6 Analytical Methods for Arsenic in Water. 
5.4  Reverse Osmosis  
 
Along with ion exchange, reverse osmosis (RO) is used for advanced treatment. RO 
technology makes the use of synthetic membranes made of polyamide to produce ultra 
pure water for both drinking and industrial purposes. A polyamide membrane, such as 
the one used in this research, is composed of three layers that determine its efficiency 
[11]: 
 
1. A very thin selective polyamide layer. 
2. Microporous polysulfone support layer. 
3. Non-woven fabric layer. 
 
Along with the pressure applied to the membrane, its performance is influenced by the 
chemical and physical composition of its surface. For instance, in the case of As re-
moval, it is important to note that the membrane’s surface charge is negative [13]. It is 
important because as is shown in Figure 2, arsenate anions (As(V)) exist in all possible 
drinking water pH ranges. A negatively charged membrane enables the removal of 
negatively charged contaminants, including As(V). 
The RO membrane used is shaped into a spirally wound cylinder (Figure 3). With a 
certain amount of pressure, water first passes parallel to the membrane. Contaminants 
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are removed from the water with the help of applied pressure, difference in solute con-
centration (from high to low), and surface membrane charge. As water passes, the tar-
get contaminants (concentrate) remain outside of the membrane and the rest of the 
water (permeate) passes through the membrane in a spiral direction until it ends up in 
the middle pipe inside the membrane ready to be collected for use or further treatment.  
 
In the case of As(V) removal, as water passes spirally through the membrane, the sur-
face charge of the membrane repels the negatively charged As(V). This means that 
present As(III) will continue to travel spirally through the membrane and to the perme-
ate pipe while the As(V) concentrate is repelled and remains outside the membrane as 
it passes to the effluent pipe. 
 
 
Figure 3. Simplified RO Membrane Module 
 
One advantage of RO treatment is that it does not require a large treatment plant and 
can be used for domestic purposes when paired with filters. However, one of the draw-
backs includes membrane fouling and maintenance (especially when dealing with larg-
er RO units). Membrane fouling is of importance due to membrane costs and rapidly 
declining performance. Contaminants causing membrane fouling are soluble salts, bio-
logical growth, dissolved organic compounds, and suspended particles [14]. Of these 
four membrane contaminants, dissolved compounds and suspended particles affect 
the membrane’s lifetime the most because they are the hardest to remove [14]. It is 
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also for this reason that RO units should be used with pre-filters to avoid membrane 
clogging. 
6 Analytical Methods for Arsenic in Water 
 
Methods available for arsenic analysis depend on the medium being analyzed. For 
water, there are several methods that mostly focus on the detection of total arsenic 
(Table 2). When dealing with water contaminated with both As(III) and As(V), identify-
ing specific quantities of each becomes a problem. The analytical method selected also 
depends on the detection limit desired. Since the WHO limitation is 10 g/L As in drink-
ing water, the analytical method selected should be able to detect such magnitude. 
 
Table 2. Commonly Used Analytical Methods for Arsenic [15]. 
Method Detection Detection Limit 
Colorimetric/spectrophotometric methods Total Arsenic ~ 40 g/L 
Inductively coupled plasma – atomic emission 
spectrometry (ICP – AES) 
Total Arsenic ~ 30 g/L 
Inductively coupled plasma – mass spectrome-
try (ICP – MS) 
Total Arsenic 0.1 g/L 
High resolution (HR)-ICP-MS Total Arsenic 0.01 g/L 
Graphite furnace – atomic absorption spectrom-
etry (GF – AAS) 
Total arsenic 0.025 g/L 
Hydride generation – atomic absorption spec-
trometry (HG-AAS) 
Total arsenic and arsenic 
speciation 
0.6 – 6 g/L 
Hydride generation quarts furnace – atomic 
absorption spectrometry (HG-QF-AAS) 
Total arsenic and arsenic 
speciation 
0.003 – 0.015 
g/L 
HPLC or solid phase cartridge separation com-
bined with hydride generation-atomic fluores-
cence spectrometry (HPLC-HG-AFS) 
Arsenic Speciation 0.05 – 0.8 g/L 
HPLC-ICP-MS Total arsenic 0.01 g/L 
 
Inductively coupled plasma – mass spectrometry (ICP – MS) and a strong base anion 
exchange resin were used in this research to determine arsenic concentrations in each 
sample. In experiments where only As(III) was used, ICP – MS was the only detection 
method used. On the other hand, in experiments where As(III) and As(V) were com-
bined, a strong base ion exchange resin was used to separate As(V) from As(III) in a 
sample. This method is only for separation and is followed by ICP – MS for actual de-
termination of arsenic in the sample. Figure 4 illustrates the procedure carried out to 
determine arsenic concentrations in samples containing As(V) and As(III). 
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Figure 4. Determination of As(III) and As(V) concentrations in one sample. 
7 Observed Challenges and Objective 
  
The main challenge when dealing with arsenic-contaminated water or poor quality wa-
ter is that regions affected by this problem lack the adequate standards to improve the 
situation. Even if there are possibilities of improving the quality, it does not mean that 
emphasis will be put on improving it or removing dangerous traces of arsenic. For ex-
ample, countries like Finland and USA (reporting traces of arsenic in water sources) 
are not developing countries that have a considerable lack of treatment technology. 
However, the main difference between both is that in Finland the quality of drinking 
water from the tap is so high that it can be directly consumed without filtration or addi-
tional treatment. In USA, however, it is not encouraged to drink water from the tap as it 
may contain traces of unhealthy contaminants. In addition, as shown in Figure 1, there 
are traces of As in water sources in both regions, but only in the USA have there been 
reported cases of poor health due to arsenic poisoning. 
 
The challenge is a combination of awareness, available treatment technology, and will-
ingness to remediate the problem. For these cases, the first goal would be to make 
available treatment units that are economic and easily maintained. Affected regions 
requiring treatment units should have corresponding analytical technology available to 
ensure that their treatment units are operating well. 
 
This thesis project was focused on finding an optimal operating point for a medium-
sized RO unit provided by Malthe Winje DWS. The unit, along with the chosen RO 
membrane, was run at different filtrate flows to determine the best operating flow that 
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would remove larger quantities of As. In addition, because it is known that As(III) re-
moval rates for RO systems are not as successful as those of As(V), passing As(III) 
contaminated water twice through the RO unit (what is referred to in this document as 
Double Filtration) was done to determine if it is possible to remove more As(III) without 
adding an additional step to the treatment process.  
 
Finding an economic way of analyzing concentrations of As(III) and As(V) found in one 
water sample was also explored by utilizing an ion exchange resin for separation pur-
poses and ICP – MS for analyzing total arsenic in samples. 
 
8 Selection of Methods and Materials 
 
8.1 Components of Input Raw Water 
 
This research was carried out using normal tap water. For each experiment, different 
concentrations of As(V), As(III), and combinations of As(III) and As(V) were added. No 
other chemicals were added for pH adjustment. The concentrations used were 50 g/L 
As(III), 200 g/L, and 100 g/L As(III) plus 100 g/L As(V). Additional information about 
the experimental procedure and conditions is found in section 9.3 Experimental Proce-
dure. 
 
8.2 Reverse Osmosis Unit 
 
Malthe Winje DWS provided the RO unit used. Figure 5 displays a piping and instru-
mentation diagram of the unit. 
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Figure 5. P & ID RO Unit CN-BY-C1-002-1R-NO-001 
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8.3 Reverse Osmosis Membrane 
 
RO membrane selected was DOW FILMTEC LP-4040. This is a tape element meant 
for commercial applications. According to DOW [16], it is meant to deliver “high quality 
water at low-pressure operation”. As mentioned in the product specifications found in 
Appendix 1, this membrane is made of polyamide thin-film composite and has a salt 
rejection of 99.2 %. It has a wide pH operating range and can tolerate operating pres-
sure of up to 41 bars. 
8.4 Ion Exchange Resin and ICP-MS 
 
Analysis using ICP – MS were carried out separately in another laboratory at the Nor-
wegian University of Life Sciences (UMB). The ion exchange selected was a DOWEX 
21K XLT Strong Base Anion Exchange resin suitable for mining applications. It is a 
Type I resin delivered in the Cl- for with a possibility for resin generation using NaCl-. 
Product specifications are found in Appendix 2. 
9 Experimental Design 
9.1 Limitations 
 
Finding economical solutions for testing and analysis were the biggest limitations for 
this research. The experiments conducted were only six because there were only 
enough funds for analyzing one-hundred samples. In order to acquire reliable data, the 
number of samples taken per experiment ranged from six to fourteen. The total number 
of samples taken was fifty-five which includes two samples for testing of the ion ex-
change resin and two samples for exploring the conversion rate of As(III) to As(V) dur-
ing aeration treatment.  
 
Further experiments were not conducted after taking the fifty-fifth sample due to tech-
nical difficulties with analytical equipment – mainly the ICP – MS equipment in the la-
boratory. In addition, because the RO unit used is not in constant operation and is only 
used for pilot testing, a lot of maintenance had to be done in order to prepare it for the 
experiments. This may have affected the final results. 
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9.2 Experimental Procedure and Conditions 
 
A detailed description of the experimental procedure can be found in Appendix 3 and 4. 
Table 3 lists the experiments conducted and displays the experimental conditions.  
 
Table 3. Experimental Conditions. 
Experiment Conditions Filtrate Flow 
1 RO Treatment 50 µg/L As(III) 100 L/h 
2 RO Treatment 200 µg/L As(III) 100 L/h 
3 RO Treatment 50 µg/L As(III) 350 L/h 
4 RO Treatment 200 µg/L As(III) 350 L/h 
5 RO Treatment 100 µg/L As(III) + 100 µg/L As(V) 100 L/h 
6 RO Treatment 100 µg/L As(III) + 100 µg/L As(V) 350 L/h 
7 Aeration Treatment – 
24 hours 
100 µg/L As(III) + 100 µg/L As(V)  
8 Aeration Treatment – 
24 hours 
200 µg/L As(III)  
 
 
All experiments were subjected to double filtration, constant pH, and same source of 
tap water. Filtrate flow refers to adjusted treated water flow and can be seen in Figure 5 
as MEM.RO2. In addition to filtrate flow, during normal operation, effluent flow is the 
only other output in this system and can be seen in Figure 5 as MEM.RO1.  Lastly, the 
object MEM.P1 in Figure 5 represents a membrane pump that continually pumps a 
constant 1 m3/h of water into the membrane.  
10 Results and Discussion 
 
10.1 Experiments 1 – 4  
 
The results for the first four experiments are discussed first because they only involve 
RO treatment of As(III). The main goal was to determine the effect of filtrate flow on the 
removal of As(III) and the total removal of As(III) after double filtration. It is important to 
mention that during raw water preparation, exact volumes of As(III) were measured and 
added to the raw water to match the corresponding concentration; however, a sample 
of the raw water was still taken and analyzed in order to determine the actual concen-
tration of the inlet. Table 4 shows the target and actual inlet concentrations of As(III) 
and removed As(III) in Filtrate I. All of the following calculations use the actual meas-
ured concentration of the inlet. 
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Table 4. Removed As(III) in Filtrate I 
Filtrate 
Flow 
[L/h] 
Target Inlet 
Concentration 
As(III) [µg/L] 
Actual Inlet 
Concentration 
As(III) [µg/L] 
Average Filtrate I Concen-
tration [µg/L] 
Removed 
As(III) in 
Filtrate I 
100 50 48 16 66% 
100 200 193 66 66% 
350 50 50 11 79% 
350 200 194 39 80% 
 
The actual inlet concentrations were on average about 3% off from the intended con-
centrations. It is clear from these results that operating the RO unit at a larger filtrate 
flow will remove more of the arsenic regardless of the concentration in the inlet. How-
ever, despite of up to 80% As(III) removal at 350 L/h filtrate flow, the resulting drinking 
water is not adequate for consumption since the WHO limit is 10 µg/L and the resulting 
water contained 11 and 39 µg/L As(III). The results also suggest that regardless of the 
concentration, the filtrate flow largely dictates the removed As(III). For example, exper-
iments with filtrate flow of 100 L/h had a removal rate of 66% even though the concen-
tration was 50 µg/L As(III) for one experiment and 200 µg/L As(III) for the other. 
 
Table 5. Total As(III) Removal Rates (Results of Double Filtration) 
Filtrate 
Flow 
[L/h] 
Initial  
Concentration 
As(III) [µg/L] 
Inlet  
Concentration 
(Filtrate I) As(III) 
[µg/L] 
Average Filtrate 
II Concentration 
[µg/L] 
Removed 
As(III) in 
Filtrate II 
Total As(III) 
Removal 
after Dou-
ble Filtra-
tion 
100 48 16 4.1 75% 91% 
100 193 66 22 67% 89% 
350 50 11 1.3 88% 97% 
350 194 39 5.0 87% 97% 
 
Table 5 presents As(III) removed after Filtrate I had been passed through the RO sys-
tem again (Double Filtration). Effectively, Table 4 and 5 are results of one continuous 
experiment. The initial concentration shown in Table 4 is also in Table 5 to show the 
magnitude of the total As(III) removed after Double Filtration. If removed As(III) in fil-
trate II is analysed independently, then the results also confirm that at 100 L/h, the re-
moval rate is lower (average of 69% removal) than at 350 L/h (average of 84 %). Fig-
ure 6 and Figure 7 provide graphical representations of the results. 
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Figure 6. Total As(III) removed in Filtrate I 
 
 
Figure 7. Total As(III) removed in Filtrate I 
 
10.2 Experiments 5 – 8 
 
The second batch of experiments involved the use of inlet water containing both As(III) 
and As(V). As in the previous experiments, inlet water containing about 100 µg/L As(III) 
and 100 µg/L As(V) was subjected to RO treatment operating at a filtrate flow of 100 
and 350 L/h (as shown in Table 3). Table 6 gives percentages about the removed 
As(III) and As(V) in Filtrate I for each condition. 
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Table 6. Removed As(III) and As(V) in Filtrate I 
Filtrate 
Flow 
[L/h] 
Target  
Concentration 
[µg/L]   
Actual Inlet  
Concentration 
[µg/L] 
Average Filtrate I 
Concentration 
[µg/L]  
Removed 
As(III)  
in Filtrate I 
Re-
moved 
As(V) in 
Filtrate I 
100 
100 µg/L As(III) 
+ 100 µg/L 
As(V) 
102 µg/L As(III) + 
92 µg/L As(V) 
32 µg/L As(III) + 3 
µg/L As(V) 69% 97% 
350 
100 µg/L As(III) 
+ 100 µg/L 
As(V) 
87 µg/L As(III) + 
115 µg/L As(V) 
22 µg/L As(III) + 0 
µg/L As(V) 75% 100% 
 
The removal rates for As(III) in these two experiments are very similar to those from 
experiments where only As(III) was being treated (experiments 1-4). As expected, the 
majority of As(V) was removed. Table 7 presents the total As(III) and As(V) removal 
after double filtration for all conditions. 
 
Table 7. Total As(III) and As(V) Removal Rates (Results of Double Filtration) 
Filtrate 
Flow 
[L/h] 
Inlet  
Concentration 
[µg/L]  
Average  
Filtrate II  
Concentration 
[µg/L]  
Removed 
As(III) in 
Filtrate II 
Removed 
As(V) in 
Filtrate II 
Total 
As(III) 
Removal 
after 
Double 
Filtration 
Total 
As(V) 
Removal 
after 
Double 
Filtration 
100 
32 µg/L As(III) + 
3 µg/L As(V) 
11 µg/L As(III) + 1 
µg/L As(V) 66% 67% 89% 99% 
350 
22 µg/L As(III) + 
0 µg/L As(V) 
< 6 µg/L As(III) + 0 
µg/L As(V) 77% 100% 94% 100% 
 
The results from double filtration, regardless of filtrate flow, show that As(V) is success-
fully removed by RO closely followed by As(III) with 94% total removal rate. Figures 8 - 
10 provide a simpler comparison between the removal rates of As(V) and As(III) at dif-
ferent flow rates. 
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Figure 8. Total As(III) removed in Filtrate I 
 
 
Figure 9. Total As(III) and As(V) Removed After Double Filtration 
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Figure 10. Summary of As(III) Removal at Varying Filtrate Flows and Concentrations Using 
RO. 
 
In addition to using RO for As(III) and As(V) removal, two experiments using aeration 
treatment were carried out to determine the degree of conversion from As(III) to As(V). 
The conversion rates are given in Table 8.  
 
Table 8. Conversion Rate of As(III) to As(V): Aeration Treatment  
 Aeration Treat-
ment 2 hrs. 
Aeration  
Treatment 24 hrs. 
 
Total As [µg/L]  
 
As(III) 
[µg/L] 
As(V) 
[µg/L] 
As(III) 
[µg/L] 
As(V) 
[µg/L] 
Total Conversion 
from As(III) to 
As(V) 
102 µg/L As(III) + 
92 µg/L As(V) 
 
86 108 67 97 34% 
242 µg/L As(III) 203 39 149 93 38% 
 
Aeration treatment was carried out using aquarium aerators in 10 liters of contaminated 
water. Results show that despite 24 hours of mechanical aeration, As(III) to As(V) con-
version is not rapid and would even be lower if the tested volume was only subject to 
atmospheric aeration. Results also suggest that conversion occurring due to aeration 
within the RO unit is highly unlikely since each experiment lasted for about one hour 
and water does not come into contact with the atmosphere once it is in the RO unit.  
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11 Conclusions and Suggestions 
 
It is evident that removal of As(V) by reverse osmosis is successful without Double 
Filtration. All of the experiments conducted also suggest that the best operating point 
for the RO system is at a high filtrate flow. This is the case because at a high filtrate 
flow there is less pressure across the RO membrane. This in turn enables a better re-
moval rate since pressure does not force contaminants into the permeate rendering the 
membrane’s surface charge useless.  
 
Additionally, the system provided by Malthe Winje DWS is built in such a way that it 
only allows improving or altering the performance of the RO unit by changing either the 
filtrate flow or the concentrate flow (which affect each other when either is changed). 
This is the case because there is a pump before the RO membrane that has only one 
fixed operating point that pumps 1 m3/h regardless of other conditions. In the case that 
there is too much pressure across the membrane due to low filtrate flow settings, in-
stead of changing the amount of water pumped into the RO membrane, the system 
uses a magnetic valve that opens an emergency pipe that allows the release of water 
and decrease of pressure across the membrane. If the magnetic valve is not opened, 
then continued pressure across the membrane pushes contaminants through it. The 
results showed this occurs when the unit is operated at a filtrate flow of 100 L/h. 
 
Since the membrane’s surface charge is negative and As(V) is also negatively 
charged, when these come in contact with each other, they repel each other and As(V) 
is not allowed into the permeate flow. Naturally, when the filtrate flow is low and there is 
a constant sideways water flow entering the system, there is a larger pressure across 
the membrane that overcomes the force it would use to repel As(V). Thus, it is more 
likely that As(V) will be forced across the membrane and into the permeate flow. How-
ever, when the filtrate flow is high and the same amount of water is still entering the 
system, the membrane does not experience a large amount of external pressure since 
water can exit the system without as much force.  
 
Operating this system at low filtrate flows not only decreases the removal rate of As(III), 
it also produces less clean water and can potentially shorten the life-span of the mem-
brane. Ideally, it would be best to operate this RO unit with as high filtrate flow as the 
system allows. 
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With regard to double filtration, while it resulted in adequate As(III) removal results, it 
does not seem practical. All experiments at 350 L/h (which is now proven to be a better 
operation point) treated 1 m3 of water. This means that in one hour, the system treats 
less than 350 L out of 1000 L (that is about 650 liters of waste water). It is less than 
350 because proper operation of the system requires flushing between treatment. The 
flushing continues roughly for two minutes and results in several liters of wastewater. 
Subjecting the remainder ~ 350 L to Double Filtration results in a product of about 123 
liters of water. In total, of the initial volume of 1000 L, only 123 L would be accessible 
after Double Filtration.  
 
Double filtration does not seem to be a viable solution for developing counties suffering 
from As contaminated waters especially since the maintenance and operational costs 
are high. It is also important to remember that RO treatment is an advanced treatment 
that is used for industrial applications since RO can produce ultra-pure water. Double 
filtration ensures that ultra-pure water is produced. Ultrapure water should not be used 
for drinking purposes, as drinking it is deadly. 
 
In addition, aeration treatment results showed that mechanical aeration for 24 hours is 
still not efficient enough to convert more than half of As(III) to As(V). This suggests that 
mechanical aeration is a long process and that aeration is not an influencing factor 
within RO units especially if they are only operated a few hours a day. 
 
In conclusion, it is difficult to suggest a universal treatment for the removal of As. When 
dealing specifically with the RO unit provided by Malthe Winje DWS, it is best to oper-
ate it at high filtrate flows and to be aware that as with all RO technology, As(V) remov-
al is most successful. Even though results showed that there was about 80% removal 
of As(III), the resulting water is not adequate enough for consumption since the WHO 
standard is 10 µg/L. The results were very close to this number, but one must also 
consider that the water used in this experiment was already drinkable tap water. 
Sources of water containing As, especially groundwater, contain other contaminants 
that may affect the performance of the membrane and the removal efficiency of As. 
 
It is difficult to suggest an appropriate solution because it highly depends of the region 
affected. I would suggest that places having adequate funds should use chemical oxi-
dation of As(III) paired with RO treatment for As(V) removal. However, places lacking in 
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resources and trained operators will benefit most from mechanical or atmospheric 
aeration of As(III) even if it is time consuming. 
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Appendix 2 – Ion Exchange Resin DOWEX 21 K XLT 
 
Appendix 2 
2 (2) 
 
 
Appendix 3 
1 (6) 
 
 
Appendix 3 – Experimental Procedure and Supplementary Notes 
 
Experimental Design 
The purpose of this experiment is to determine whether double filtration by reverse osmosis 
increases the removal efficiency of As(III). To do this, the effects of flow rate and concentration, 
during double filtration will be explored.  
 
Reverse Osmosis Membrane: DOW LP 4040 
 
Table 1. Experimental Conditions 
Flow  Concentration  pH Number of Filtrations 
100 L/h 
350 L/h 
50 µg/L As(III) 
200 µg/L As(III) 
Constant 2 
 
For clarification purposes, each experiment and sample that will be sent to the laboratory is 
labeled as follows: 
 
Table 2. Conditions per Experiment.  
Experiment Conditions* 
1 100 L/h 50 µg/L As(III) 
2 100 L/h 200 µg/L As(III) 
3 350 L/h 50 µg/L As(III) 
4 350 L/h 200 µg/L As(III) 
* All experiments are subject to double filtration (Filtration II). 
 
Table 3. Label per Sample Condition Being Analyzed. 
Sample Condition 
A Initial Sample of Intake Before Filtration I 
B Filtration I 30 minutes 
C Filtration I 45 minutes 
Ax Overall sample of Filtration I End of Filtration I 
C Filtration II 5 minutes 
D Filtration II 10 minutes 
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Procedure 
 
1. To avoid excess use of As concentrated water, first run the RO system with only water 
to ensure normal operation (flushing of the membrane). 
2. Use the tap water to fill a 1 m3 container. Include the corresponding As solution and en-
sure it is properly mixed with the water. This is the inlet water for Filtration I. 
3. Collect a 50 ml sample of the inlet water. 
4. Start the RO system to begin Filtration I. The filtrate from Filtration I should be collect-
ed for later use (Filtration II). 
5. Collect a 50 ml sample in 30 minutes. 
6. Collect a 50 ml sample in 45 minutes. 
7. Stop the RO system and flush the membrane with water. 
8. Collect a 50 ml sample of the filtrate water. 
9. Use the filtrate from Filtration I as inlet water. 
10. Start the RO system to begin Filtration II. Collect the filtrate to be treated as waste sepa-
rately. 
11. Collect a 50 ml Sample in 5 minutes. 
12. Collect a 50 ml sample in 10 minutes. 
13. Stop the RO system and flush the membrane with water. 
 
 
 
Experiment and Sample Schematics 
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Experiment Schedule and Procedure Charts 
 
Thursday, 10 May 2012 
 
Experiment Conditions 
1 100 L/h 50 µg/L As(III) 
 
 
Table 4. Sample Checklist 
 
Sample Condition 
A Initial Sample of Intake Before Filtration I 
B Filtration I 30 minutes 
C Filtration I 45 minutes 
Ax Overall sample of Filtration I End of Filtration I 
C Filtration II 5 minutes 
D Filtration II 10 minutes 
 
Table 5. Outflow Pressure and Inlet Conductivity 
 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.34 0.33 1.4 1.5 16 
C 0.34 0.33 1.5 1.5 17 
D 0.30 0.28 0.50 0.50 10 
E 0.32 0.30 0.60 0.70 12 
 
Remarks: In order to have enough filtrate for Filtration II, two 1000 L tanks were used 
for Filtration I. 
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 Thursday, 10 May 2012 
 
Experiment Conditions 
2 100 L/h 200 µg/L As(III) 
 
 
Table 6. Sample Checklist 
 
Sample Condition 
A Initial Sample of Intake Before Filtration I 
B Filtration I 30 minutes 
C Filtration I 45 minutes 
Ax Overall sample of Filtration I End of Filtration I 
C Filtration II 5 minutes 
D Filtration II 10 minutes 
 
 
Table 7. Outflow Pressure and Inlet Conductivity 
 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.34 0.33 1.3 1.4 17 
C 0.33 0.33 1.5 1.5 16 
D 0.36 0.30 1.2 1.2 15 
E 0.32 0.30 1.2 1.2 12 
 
Remarks: In order to have enough filtrate for Filtration II, two 1000 L tanks were used 
for Filtration I. 
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 Friday, 11 May 2012 
 
Experiment Conditions 
3 350 L/h 50 µg/L As(III) 
 
 
Table 8. Sample Checklist 
Sample Condition 
A Initial Sample of Intake Before Filtration I 
B Filtration I 30 minutes 
C Filtration I 45 minutes 
Ax Overall sample of Filtration I End of Filtration I 
C Filtration II 5 minutes 
D Filtration II 10 minutes 
 
 
Table 9. Outflow Pressure and Inlet Conductivity 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.33 0.30 1.5 1.6 5 
C 0.32 0.30 1.5 1.6 6 
D 0.29 0.26 1.5 1.5 3 
E 0.29 0.28 1.5 1.5 3 
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Friday, 11 May 2012 
 
Experiment Conditions 
4 350 L/h 200 µg/L As(III) 
 
 
Table 10. Sample Checklist 
Sample Condition 
A Initial Sample of Intake Before Filtration I 
B Filtration I 30 minutes 
C Filtration I 45 minutes 
Ax Overall sample of Filtration I End of Filtration I 
C Filtration II 5 minutes 
D Filtration II 10 minutes 
 
 
Table 11. Outflow Pressure and Inlet Conductivity 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.34 0.32 1.6 1.6 6 
C 0.34 0.31 1.5 1.6 6 
D 0.32 0.30 1.7 1.8 3 
E 0.32 0.30 1.7 1.8 3 
Appendix 4 
1 (6) 
 
 
Appendix 4 – Experimental Procedure and Supplementary Notes (Batch 2) 
 
Experimental Design 
The purpose of this experiment is to determine whether double filtration by reverse osmosis 
increases the removal efficiency of As(III). To do this, the effects of flow rate and concentration, 
during double filtration will be explored.  
 
Reverse Osmosis Membrane: DOW LP 4040 
 
Table 1. Experimental Conditions 
Flow  Concentration  pH Number of Filtrations 
100 L/h 
350 L/h 
100 µg/L As(III) + 100 µg/L As(V) Constant 2 
 
For clarification purposes, each experiment and sample that will be sent to the laboratory is 
labeled as follows: 
 
Table 2. Conditions per Experiment.  
Experiment Conditions* 
1 100 l/h 100 µg/L As(III) + 100 µg/L As(V) 
2 350 l/h 100 µg/L As(III) + 100 µg/L As(V) 
* All experiments are subject to double filtration (Filtration II). 
 
Table 3. Label per Sample Condition Being Analyzed. 
Sample Condition 
A Initial Sample of Intake Before Filtra-
tion I 
50 ml, 500 ml 
A_1 Sample A through ion exchange 
resin 
After sample A 50 ml 
B Filtration I 30 minutes 50 ml, 500 ml 
C Sample B through ion exchange 
resin 
After Sample B 50 ml 
D Filtration I 45 minutes 50 ml, 500 ml 
E Sample D through ion exchange 
resin 
After Sample 
D 
50 ml 
Ax Overall sample of Filtration I End of Filtra-
tion I 
50 ml, 500 ml 
Ax_1 Sample Ax through ion exchange 
resin 
After Sample 
Ax 
50 ml 
F Filtration II 5 minutes 50 ml, 500 ml 
G Sample F through ion exchange 
resin 
After Sample F 50 ml 
H Filtration II 10 minutes 50 ml, 500 ml 
I Sample H through ion exchange 
resin 
After sample H 50 ml 
J Aeration Treatment  2 hours 500 ml 
K Sample J through ion exchange 
resin 
After Sample J 50 ml 
L Aeration Treatment 24 hours 500 ml 
M Sample L through ion exchange 
resin 
After Sample L 50 ml 
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Reverse Osmosis Unit Procedure 
 
14. To avoid excess use of As concentrated water, first run the RO system with only water 
to ensure normal operation (flushing of the membrane). 
15. Use the tap water to fill a 1 m3 container. Include the corresponding As solution and en-
sure it is properly mixed with the water. This is the inlet water for Filtration I. 
16. Collect a 50 ml and 500 ml sample of the inlet water. 
17. Pass the 500 ml sample through the ion exchange resin. From the product collect 50 ml 
sample. 
18. Collect 10 L for aeration treatment.  
19. Start the RO system to begin Filtration I. The filtrate from Filtration I should be collect-
ed for later use (Filtration II). 
20. Collect a 50 ml and 500 ml sample in 30 minutes. 
21. Pass the 500 ml sample through the ion exchange resin. From the product, collect 50 
ml. 
22. Collect a 50 ml and 500 ml sample in 45 minutes. 
23. Pass the 500 ml sample through the ion exchange resin. From the product, collect 50 
ml. 
24. Stop the RO system and flush the membrane with water. 
25. Collect an overall sample of 50 ml and 500 ml of Filtrate I. 
26. Pass the 500 ml sample through the ion exchange resin. From the product, collect 50 
ml. 
27. Use the filtrate from Filtration I as inlet water for Filtration II. 
28. Start the RO system to begin Filtration II. Collect the filtrate to be treated as waste sepa-
rately. 
29. Collect a 50 ml and 500 ml sample in 5 minutes. 
30. Pass the 500 ml sample through the ion exchange resin. From the product, collect 50 
ml. 
31. Collect a 50 ml and 500 ml sample in 10 minutes. 
32. Pass the 500 ml sample through the ion exchange resin. From the product, collect 50 
ml. 
33. Stop the RO system and flush the membrane with water. 
 
Aeration Procedure 
Do only once since concentration is the same for Experiment 2 and 3. 
1. Place the aquarium aerator in the 10 L sample collected previously or prepared. Begin 
aeration. 
2. Collect a 500 ml sample in 2 hours and pass it through the ion exchange resin. From the 
product, collect a 50 ml sample. 
3. Collect a 500 ml sample in 24 hours and pass it through the ion exchange resin. From 
the product, collect a 50 ml sample. 
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Experiment and Sample Schematics 
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Experiment Schedule and Procedure Charts 
 
Tuesday, 29 May 2012 
 
Experiment Conditions 
1 100 L/h 100 µg/L As(III) + 100 µg/L As(V) 
 
Table 4. Sample Checklist 
 
Sample Condition 
A Initial Sample of Intake Before Filtra-
tion I 
50 ml, 500 ml 
A_1 Sample A through ion exchange 
resin 
After sample A 50 ml 
B Filtration I 30 minutes 50 ml, 500 ml 
C Sample B through ion exchange 
resin 
After Sample B 50 ml 
D Filtration I 45 minutes 50 ml, 500 ml 
E Sample D through ion exchange 
resin 
After Sample 
D 
50 ml 
Ax Overall sample of Filtration I End of Filtra-
tion I 
50 ml, 500 ml 
Ax_1 Sample Ax through ion exchange 
resin 
After Sample 
Ax 
50 ml 
F Filtration II 5 minutes 50 ml, 500 ml 
G Sample F through ion exchange resin After Sample F 50 ml 
H Filtration II 10 minutes 50 ml, 500 ml 
I Sample H through ion exchange 
resin 
After sample H 50 ml 
J Aeration Treatment  2 hours 500 ml 
K Sample J through ion exchange resin After Sample J 50 ml 
L Aeration Treatment 24 hours 500 ml 
M Sample L through ion exchange 
resin 
After Sample L 50 ml 
 
Table 5. Outflow Pressure and Inlet Conductivity 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.32 0.28 1.48 1.5 9 
D 0.32 0.28 1.48 1.5 9 
F 0.32 0.28 1.48 1.5 9 
H 0.32 0.28 1.48 1.5 9 
 
Appendix 4 
5 (6) 
 
 
Tuesday, 29 May 2012 
 
Experiment Conditions 
3 350 L/h 100 µg/L As(III) + 100 µg/L As(V) 
 
Table 6. Sample Checklist 
 
Sample Condition 
A Initial Sample of Intake Before Filtra-
tion I 
50 ml, 500 ml 
A_1 Sample A through ion exchange 
resin 
After sample A 50 ml 
B Filtration I 30 minutes 50 ml, 500 ml 
C Sample B through ion exchange 
resin 
After Sample B 50 ml 
D Filtration I 45 minutes 50 ml, 500 ml 
E Sample D through ion exchange 
resin 
After Sample 
D 
50 ml 
Ax Overall sample of Filtration I End of Filtra-
tion I 
50 ml, 500 ml 
Ax_1 Sample Ax through ion exchange 
resin 
After Sample 
Ax 
50 ml 
F Filtration II 5 minutes 50 ml, 500 ml 
G Sample F through ion exchange 
resin 
After Sample F 50 ml 
H Filtration II 10 minutes 50 ml, 500 ml 
I Sample H through ion exchange 
resin 
After sample H 50 ml 
 
 
Table 7. Outflow Pressure and Inlet Conductivity 
 
Sample Outflow Pressure [MPa] Inlet Conductivity [S/cm] 
 PI1 PI2 PI3 PI4  
B 0.32 0.31 1.64 1.7 8 
D 0.33 0.30 1.67 1.7 7 
F 0.30 0.28 1.35 1.4 3 
H 0.03 0.28 1.35 1.4 3 
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 Wednesday, 30 May 2012 
 
Experiment Conditions 
4 10 L of  200 µg/L 
As(III) 
Aeration treatment for a total of 24 hours 
 
Table 8. Sample Checklist 
Sample Condition 
A Initial Sample of Intake Before Filtra-
tion I 
50 ml 
B Aeration Treatment  2 hours 500 ml 
C Sample B through ion exchange 
resin 
After Sample B 50 ml 
D Aeration Treatment 24 hours 500 ml 
E Sample D through ion exchange 
resin 
After Sample 
D 
50 ml 
  
 
 
